of Colletotrichum lindemuthianum, was transferred to tobacco (Nicotiana tabacum) leaves by using the Agrobacterium tumefaciens transient delivery system. The following four constructs were prepared: CLPG1, with or without its signal peptide (SP; PG1, PG1⌬SP); CLPG1 with the tobacco expansin1 SP instead of its own SP (Exp::PG1⌬SP); and a mutated version of the latter on two amino acids potentially involved in the catalytic site of CLPG1 (D202N/D203N). Chlorotic and necrotic lesions appeared 5 to 7 d postinfiltration, exclusively in response to CLPG1 fused to the expansin SP. The lesions were correlated to the production of an active enzyme. Necrosis-inducing activity, as well as endoPG activity, were completely abolished by site-directed mutagenesis. Ultrastructural immunocytolocalization experiments indicated that the expansin SP addressed CLPG1 to the cell wall. Staining of parenchyma cells revealed the progressive degradation of pectic material in junction zones and middle lamella as a function of time after infiltration, ultimately leading to cell separation. A 30% decrease in the GalUA content of the cell walls was simultaneously recorded, thereby confirming the hydrolytic effect of CLPG1 on pectic polysaccharides, in planta. The elicitor activity of CLPG1 was further illustrated by the induction of defense responses comprising active oxygen species and ␤-1,3-glucanase activity, before leaf necrosis. Altogether, the data demonstrate that an appropriate SP and a functional catalytic site are required for the proper expression and elicitor activity of the fungal endoPG CLPG1 in tobacco.
Endopolygalacturonases (endoPGs) are a class of pectinases that participate in the degradation of plant cell walls by catalyzing the hydrolysis of the homogalacturonan domain of pectic polysaccharides, a linear chain of ␣-1,4-linked galacturonosyl residues. Depending on the source of enzyme, the degradation proceeds either by a strict endo-mode or by an endo-/exo-mode of cleavage (Cook et al., 1999) . The released pectic fragments are mostly composed of linear oligogalacturonides (OGAs). The extent of degradation varies according to the level of methylesterification of the ␣-d,1-4-linked GalUA residues that compose the linear homogalacturonan chain because endoPGs only cleave unesterified rows of GalUA. Degradation can also be controlled by the presence of polygalacturonase-inhibiting proteins (PGIPs), a class of Leu-rich repeat proteins found in the cell walls of many plants.
The OGAs released by cleavage of homogalacturonan were the first oligosaccharins, that is biologically active oligosaccharides (Darvill et al., 1992) , that were isolated from commercial pectin and plant cell walls. OGA-induced responses have been reviewed extensively (Côté and Hahn, 1994; Ridley et al., 2001) . The likelihood that such fragments elicit defense mechanisms when produced in planta is based on their effects when they are externally supplied to plant cells and tissues. Thus, early responses such as plasma membrane depolarization, ion fluxes, and cytosol acidification, are induced in suspension-cultured cells after treatment with OGAs (Mathieu et al., 1991) . It has also been reported that active oxygen species (AOS) are produced very rapidly after OGAs are supplied to plant cells and seedlings (Legendre et al., 1993; Lee et al., 1999; Orozco-Cardenas and Ryan, 1999) .
However, there is no direct evidence that endoPGs elicit defense responses via the release of pectic fragments when expressed in planta. For example, recent reports indicate that the catalytic activity of xylanase, another cell wall-degrading enzyme, is not required for its ability to elicit ethylene synthesis (Enkerli et al., 1999; Furman-Matarasso et al., 1999) . In a previous work, we showed that the CLPG1 endoPG of Colletotrichum lindemuthianum, a fungal pathogen of French bean (Phaseolus vulgaris), elicits defense responses when supplied to French bean seedlings (Lafitte et al., 1993) and that this effect is mimicked by the pectic fragments recovered upon hydrolysis of the host cell walls (Boudart et al., 1998) . To probe the function of this endoPG in planta, the Agrobacterium tumefaciens transient expression system was retained to deliver CLPG1 to plant tissues. Agro-infiltration has proved a powerful tool to study the effects of microbial molecules on plant tissues, most notably fungal (Van der Hoorn et al., 2000) , bacterial (Van den Ackerveken et al., 1996; Rathjen et al., 1999) , and viral (Bendahmane et al., 2000) avirulence proteins. In the present study, various constructs of CLPG1-cDNA were prepared. Among them, a mutated version of CLPG1 was obtained by site-directed mutagenesis on two Asp residues potentially involved in the catalytic site of the enzyme, according to their alignment with catalytic residues of other microbial endoPGs. The effects resulting in expressing an active endoPG, in planta, on defense responses and cell wall structure are reported.
RESULTS
The endoPG-CLPG1 of C. lindemuthianum is a potent elicitor of defense responses in French bean, the host plant of this fungus, and in non-host plants. To assess the effects of its expression in planta, tobacco (Nicotiana tabacum) was retained as a recipient plant because of the feasibility of agro-infiltrating tobacco tissues, and of the lack of polygalacturonase inhibitory activity (PGIP) against CLPG1 in this plant, as preliminary checked according to Lafitte et al. (1984) . As shown in Figure 1 , the level of PGIP was high in French bean, much lower in Arabidopsis, and undetectable in tobacco. ). An additional construct was obtained from pExp::PG1⌬SP by site-directed mutagenesis of Asp-202 and Asp-203 codons putatively involved in the catalytic site of the enzyme, giving rise to two Asn (pD202N/D203N). Each construct was under the control of cauliflower mosaic virus 35S promoter and of the nopaline synthase terminator (tNos). B, Three-dimensional representation of the putative catalytic site of CLPG1, as modelized by analogy with AnPGII endoPG of Aspergillus niger (van Santen et al., 1999) using the SWISS-MODEL software (http://swissmodel. expasy.org/; Guex and Peitsch, 1999) . The amino acid sequences of the catalytic site of AnPGII endoPG (upper line) and of CLPG1 (lower line) are represented (amino acid identity shown by asterisks).
additional constructs in which the SP of the cell wall protein expansin replaced the SP of CLPG1 coding sequence were obtained (pExp::PG1⌬SP; pD202N/ D203N; Fig. 2 ). In the latter, two adjacent aspartic residues that have been shown to be crucial for enzymatic activity of fungal endoPGs (Armand et al., 2000) were mutated to Asn in pExp::PG1⌬SP (Fig. 2) .
The infiltration of tobacco leaves with agrobacteria carrying the construct pExp::PG1⌬SP resulted in a severe necrosis of the infiltrated area (Fig. 3A) . The first symptoms progressively appeared 4 to 5 d postinfiltration (dpi) as slightly discolored zones with few localized necrotic spots. One to 2 d later, necrotic lesions started to spread throughout the entire infiltrated area. In contrast, infiltration with pPG1⌬SP, pPG1, or the empty vector pIPM0 did not result in any symptom (Fig. 3A) , even 4 weeks postinfiltration.
The necrotic effect of Exp::PG1⌬SP was abolished when D202 and D203 were mutated to N, thereby indicating that these two aspartic residues are essential for CLPG1 effect (Fig. 3B ).
EndoPG Activity Is Only Recorded in Tobacco Leaves Agro-Infiltrated with pExp::PG1⌬SP
Western-blot experiments were carried out to look for the presence of translation products in tobacco leaves infiltrated with agrobacteria carrying the various constructs (Fig. 4A) . A major protein band, with the same apparent molecular mass as the pure CLPG1 (42 kD), was revealed with the antiserum against CLPG1 in leaf extracts agro-infiltrated with pExp::PG1⌬SP. The 42-kD protein was already detectable 3 to 4 dpi. Expression increased as a function of time and was also high in tissues transformed with D202N/D203N. An additional minor band was revealed, whose intensity might correspond to a processed or unglycosylated form of the protein, . Lanes 1 through 4 corresponded to 3, 4, 5, and 7 dpi, respectively, and lanes 6 through 9 to 7 dpi. Pure CLPG1 (42 kD) was in lane 5. Proteins were separated by SDS-PAGE on a 10% (w/v) polyacrylamide gel and blotted onto a nitrocellulose membrane. Proteins cross-reacting with a CLPG1 polyclonal antiserum were revealed with a secondary goat anti-rabbit antiserum conjugated to alkaline phosphatase. Alkaline phosphatase activity was revealed with nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate. B, endoPG activity was colorimetrically assessed. The experiment was repeated three times with the same time course increase of endoPG activity upon infiltration with pExp::CLPG1⌬SP.
Fungal Endopolygalacturonase in Tobacco whereas no protein cross-reacting with the CLPG1 antiserum could be detected in leaf material transformed with pPG1, pPG1⌬SP, or the empty vector pIPM0.
A time course analysis of endoPG activity was simultaneously performed on the same tissues. Figure  4B shows that the enzyme activity was only expressed in the leaves infiltrated with pExp::PG1⌬SP, and increased linearly during the 1st week postinfiltration, where it reaches values as high as 12 nanokatals (nkat) g fresh weight Ϫ1 . Comparatively, only basal amounts of endoPG activity were measured in leaf tissues agroinfiltrated with pPG1, pPG1⌬SP, the empty vector control, or the mutant pD202N/D203N. Interestingly, the protein produced by this mutant was inactive, as expected from its structure. The above results demonstrate that an appropriate SP and a functional catalytic site are required for the proper expression and activity of CLPG1 in planta.
To further characterize the enzyme that was expressed in planta from pExp::PG1⌬SP, a zymogram of endoPG was performed after isoelectric focusing of the proteins extracted from the agro-infiltrated leaves, as a function of time. As shown on Figure 5A , a main spot of increasing intensity, focusing with a similar pI as the pure CLPG1 (pI ϭ 10.1) was observed as early as 3 d post-agro-infiltration. Because of the presence of freeze-dried insoluble material in the samples, most probably polysaccharides, part of the activity was not totally resolved, and appeared as a smear. An additional experiment in which this material was allowed to settle in the bottom of the tube before isoelectric focusing confirmed the presence of an active enzyme of the same pI as CLPG1. It also allowed the detection of an additional endoPG isoform focusing at a neutral or slightly acidic pI value (arrow, Fig. 5B ). The fact that this isoform was absent in leaves infiltrated with pD202N/D203N ( Fig. 5C ) rules out the possibility that it originated from A. tumefaciens.
CLPG1 Is Localized in the Cell Wall of Tobacco Leaf Tissues Expressing Exp::PG1⌬SP
Immunogold labeling of tissues infiltrated with agrobacteria carrying pExp:: PG1⌬SP with an antiserum against CLPG1 showed the presence of numerous gold particles throughout the cell walls and intercellular spaces of the parenchyma cells (Fig. 6 , A-D). There was no significant difference in labeling density between 4 (Fig. 6 , A and B) and 7 (Fig. 6 , C and D) dpi. Gold particles within the cell walls and intercellular spaces were also visible in tissues 4 d post-agro-infiltration with the mutant D202N/ D203N (Fig. 6E ). Very few gold particles were observed on ultrathin sections in the pIPM0 control, preferentially localized between the cell wall and cytoplasm (Fig. 6F) . . Labeling was achieved with antiserum against CLPG1 and gold-conjugated goat antiserum to rabbit IgG. Gold particles were found within the cell walls (A and B) and in intercellular spaces (C and D) at nearly identical levels at 4 and 7 dpi. Note degradation of pectic material in intercellular spaces (IS; arrows). Gold particles were also observed within the cell walls and intercellular spaces 4 dpi with A. tumefaciens carrying the mutant pD202N/D203N (E), without detectable pectin degradation. A few gold particles were observed in leaves agro-infiltrated with the empty vector (cell wall-cytoplasm interface, arrowhead, F), and in sections treated with the secondary antibody alone (arrowheads, G). Sections were contrasted with uranyl acetate. Scale bar ϭ 0.3 m. Figure 5 . Zymogram of endoPG activity in protein extracts recovered from tobacco leaves 3 to 7 dpi with A. tumefaciens carrying pExp::PG1⌬SP (A) and 7 dpi with A. tumefaciens carrying pD202N/ D203N (C). endoPG activity was assayed by analytical isoelectric focusing. The active endoPG focused at a pI identical to pure CLPG1 protein (pI ϭ 10.1). B, An additional endoPG isoform focusing at a neutral or slightly acidic pI value (arrow) was also revealed.
Staining of the parenchyma cell wall polysaccharides with the periodic acid-thiocarbohydrazidesilver proteinate (PATAg) reagent allowed the visualization of the effect of CLPG1 in planta. As shown in Figure 7 , A through E, the cell walls were degraded in a progressive manner, beginning as small limited areas at the cell corner 4 dpi (Fig. 7A) , and then extending to the whole intercellular space after 7 d (Fig. 7C) . Moreover, the region corresponding to the middle lamella between two cells appeared less contrasted (Fig. 7D ) as a result of pectic matrix degradation and progressive dissociation of adjacent cells (Fig. 7E) . On the contrary, the cell walls of control, non-agro-infiltrated tissues (Fig. 7, F and G) , or tissues agro-infiltrated with the mutant D202N/ D203N (Fig. 7H) or the empty vector pIPM0 (Fig. 7I) , remained evenly PATAg stained with no apparent cell wall degradation, despite the presence of the bacteria in the intercellular spaces (Fig. 7I ).
Sugar Content of Cell Walls Is Modified in Tobacco Leaves Expressing Exp::PG1⌬SP
The GalUA content of the cell walls of tobacco leaves infiltrated with pExp::PG1⌬SP was reduced by 31% to 35% at 4 and 7 dpi, respectively (Table I) . Simultaneously, a noticeable increase in the neutral sugars Rha, Ara, and to a lesser extent Gal and Xyl was also observed. Such an increase reflects a modification in the ratio between the sugars that compose cell wall polysaccharides because of an important release of GalUA from CLPG1-digested homogalacturonan domains of pectin. The decrease in GalUA did not vary much between 4 and 7 d, an effect that could be associated, at least in part, with the level of immunolocalized CLPG1 observed in infiltrated tissues (Fig. 6 , A-E) whose maximum intensity was recorded around 4 dpi.
Expression of Exp::PG1⌬SP none in Planta Induces Defense Responses
The manganese/diaminobenzidine (DAB) uptake method was used to follow the production of AOS as a function of time after agro-infiltration. The leaves expressing Exp::PG1⌬SP gradually appeared more intensely brown with time than those agro-infiltrated with the empty vector, as shown 5 dpi (Fig. 8A ). AOS were clearly distinguishable as dark-brown deposits localized in areas of leaves not showing visible necrosis (Fig. 8A, insert) or surrounding small-sized necrosis at the beginning of the necrotic stage. Cell walls were extracted 4 and 7 d postinfiltration and hydrolyzed with 2 N trifluorhydric acid according to the procedure described in "Materials and Methods." Sugar analysis was performed using high-performance anion-exchange chromatography-pulsed-amperometric detection chromatography (Dionex, Sunnyvale, CA). An early induction of ␤-1,3-glucanase activity was measured in response to the in planta expression of Exp::PG1⌬SP, with a maximum activity 3 dpi (Fig.  8B) . Interestingly, significant amounts of ␤-1,3-glucanase activity were also detected in response to agrobacteria carrying the empty vector pIPM0, as compared with the MgSO 4 control. Nevertheless, ␤-1,3-glucanase activity was comparatively produced in larger amounts when Exp::PG1⌬SP was expressed.
DISCUSSION
The A. tumefaciens transient expression system was used for the delivery and expression of a fungal endoPG in planta. Tobacco plants were retained as the recipient plant material. In contrast to French bean, the host plant of the fungal endoPG, tobacco cv Samsun NN, can be easily transformed and lacks detectable PGIP activity against CLPG1. This allowed to establish the conditions required for the production of an active CLPG1 protein, and to look for the intrinsic effects of this enzyme in absence of PGIP.
The nature of the SP appeared to be crucial for the proper expression of CLPG1. Although all constructs were driven by the 35S promoter to ensure sufficient expression, only those harboring the SP of expansin, a plant cell wall protein, were functional. Neither those containing nor lacking the SP of CLPG1 yielded detectable levels of protein or enzyme activity. The fact that CLPG1-SP allows the secretion of the enzyme in the fungus, but not when transferred to plant leaves, suggests that it is not functional in plants. A similar situation was already reported in Arabidopsis plants transformed with the cutinase cDNA of Fusarium solani (Sieber et al., 2000) . In comparison, the SP of expansin proved to be the only one satisfactory, in that it allowed the targeting of CLPG1 to the plant cell wall.
Although both CLPG1 and the mutated version of CLPG1 were expressed to high levels, endoPG activity was only recorded in tissues agro-infiltrated with Exp::CLPG1⌬SP, thereby confirming that the two aspartic residues 202 and 203 are essential for the catalytic activity of the enzyme. This situation offered the possibility to compare the effects of the active and the inactive CLPG1 protein in tobacco tissues. A series of events, beginning with CLPG1 synthesis and activity 2 to 3 dpi (dpi), were recorded. They successively comprise cell wall degradation and ␤-1,3-glucanase activity induction (3-4 dpi), AOS production and chlorosis (5 dpi), and, finally, leaf necrosis (7 dpi). It was most noticeable that cell wall degradation preceded and was required for the oxidative burst and hypersensitive response-like necrosis because the inactive CLPG1 failed to elicit any response. This work also showed that cell death followed the onset of AOS production and was strictly associated to it.
The possibility that these responses were mediated by an endoPG-PGIP type of interaction was ruled out because of the absence of PGIP against this enzyme in tobacco. Instead, the accumulation of active enzyme and decrease in the GalUA content of the cell wall indicated that OGAs were released from the homogalacturonan domain of pectin. The elicitor effect of OGAs on various plant defense mechanisms (Ridley et al., 2001 ), notably of CLPG1-released OGAs (Boudart et al., 1998) , suggests that they might mediate, at least in part, the responses reported in this work. This would imply that PGIP is not absolutely required for maintaining elicitation by OGAs. However, other mechanisms might also be involved because tobacco cv Samsun NN tissues infiltrated with tobacco cell wall-derived OGAs at 50 and 250 g mL Ϫ1 did not develop necrotic lesions, contrasting with what was observed when CLPG1 was exogenously supplied (G. Boudart, unpublished data) or produced in planta (this work). The appearance of a novel endoPG of plant origin is but one example of additional host responses that might reinforce the effect of CLPG1. In addition, cell separation (Fig. 7E) can profoundly affect the mechanical strength of the cell wall and associated signaling phenomena. An unexpected perspective on the role of pectin in plant development was recently highlighted in transgenic apple (Malus domestica) trees overexpressing an endoPG (Atkinson et al., 2002) . The expression of a fungal endoPG in plant tissues reported in this work provides a means to investigate such alterations.
MATERIALS AND METHODS

Plant Material
Tobacco (Nicotiana tabacum cv Samsun NN) was grown on vermiculite in a growth chamber at 75% hygrometry, with a photoperiod of 12 h light at 110 E m Ϫ2 s Ϫ1 and 25°C, and 12 h dark at 22°C.
Construction of Binary Vectors with CLPG1 Cassettes
Recombinant plasmids were obtained by inserting various constructs of the CLPG1 encoding sequence into IPM0, a plasmid derived from the binary vector pBin19 (Rancé et al., 1998) . The construct contained in pPG1 was based on the entire CLPG1 coding sequence that was amplified by PCR with Pyrococcus furiosus DNA polymerase (Promega, Madison, WI) using CLPG1 cDNA cloned in pGEM-T (Promega) as template. A KpnI site was introduced at the 5Ј end of the forward primer (GGGGTACCATGGTCTCTTACCTCT-TCGTGCTCGGC) and a XbaI site was introduced at the 5Ј end of the reverse primer (GCTCTAGACGTAAAGACTCAGCCGCTTAGCAAGCA). The amplified 1.1-kb fragment was digested by KpnI and XbaI and inserted between the 35S promoter and the nopaline synthase terminator of IPM0 previously restricted with the same enzymes.
The construct contained in pPG1⌬SP was prepared by PCR amplification with P. furiosus DNA polymerase of the CLPG1 sequence encoding the mature endoPG. A BamHI site was introduced at the 5Ј end of the forward primer (GGATCCAAGAAAGCCAGCTGCACCTTCACCGAT) and the SP6 oligonucleotide was used as the downstream primer. The amplified 1-kb fragment that corresponded to CLPG1 without its SP was cloned into pGEMT. The plasmid was amplified in Escherichia coli, purified, and digested with BamHI and SpeI. The restricted fragment was ligated as above to the pIPM0 binary vector previously digested with BamHI and XbaI.
In pExp::PG1⌬SP, the SP of CLPG1 was replaced by the SP of the tobacco expansin1 gene (Link and Cosgrove, 1998) . The double-stranded DNA sequence of expansin1 SP was obtained by annealing the corresponding synthetic sense strand and its antisense complement (Isoprim, Toulouse, France). KpnI and BamHI restriction sites were created at the 5Ј and 3Ј end of each strand, respectively. The 0.1-kb double-stranded DNA was digested by KpnI and BamHI, ligated in a single step to PG1⌬SP, and inserted into pIPM0 previously restricted with BamHI and SpeI and with KpnI and XbaI, respectively.
A mutated version of the pExp::PG1⌬SP construct in which the amino acids D202 and D203 were mutated to N was prepared by a double PCR strategy according to a previously described protocol (Bowman et al., 1990) . In brief, a first PCR was performed on pExp::⌬PG1 using an oligonucleotide primer containing the mutated codons (underlined with modified bases in bold; CAAGAACCAGAACAACTGCCTCGCCGT-3Ј) and a second primer complementary to a vector sequence downstream the pExp::PG1⌬SP insert (CAGCTATGACCATGATTACGC). After PCR amplification, the template DNA was digested by the DpnI endonuclease. An aliquot of the DpnI-digested PCR products was added to a second PCR reaction containing two primers complementary to sequences upstream (GGGG-TACCAAGAAAATGGCCAACATTGGC) and downstream (GCTCTAGAC-GTAAAGACTCAGCCGCTTAGCAAGCA) of the DNA insert, respectively. The amplified product was digested by KpnI and XbaI and ligated to the binary pIPM0 vector previously restricted with the same enzymes giving rise to the plasmid D202N/D203N. The nucleotide sequence of each construct was checked, and the resulting recombinant plasmids were amplified in E. coli XL1 blue (Stratagene, La Jolla, CA) before being transferred into Agrobacterium tumefaciens.
Agro-Infiltration of Plant Tissues
Constructs in pIPM0 binary vector were introduced into A. tumefaciens strain LBA4404 by electroporation. A. tumefaciens cells were inoculated into 4 mL of yeast extract broth supplemented with 50 g mL Ϫ1 kanamycin and 50 g mL Ϫ1 streptomycin and grown at 28°C overnight with shaking (200 rpm). Cultures were diluted 1:100 (v/v) in 50 mL of fresh yeast extract broth plus antibiotics and grown for 2 d at 28°C. Cells were pelleted (15 min, 3,000g at 4°C) and washed twice with cold 10 mm MgSO 4 , and then resuspended to an OD 600 of 1 (2 ϫ 10 9 colony forming units mL Ϫ1 ) in cold 10 mm MgSO 4 supplemented with 250 m acetosyringone. Young expanding leaves of 6-week-old plants were pressure infiltrated with the bacterial suspension using a sterile 2-mL needleless syringe. The infiltrated area was immediately outlined with a marker pen. For experiments requiring plant extracts, the whole leaf was agro-infiltrated.
EndoPG Activity Assays
Infiltrated leaves were ground in liquid nitrogen with a mortar and pestle. The powder (1 g) was added to 3 mL of cold extraction buffer composed of 100 mm MOPS buffer (pH 6.7) containing 2 m NaCl, 10 mm dithiothreitol, 2 mm phenylmethylsulfonyl fluoride, and protease inhibitors (1% [v/v] standard cocktail, Sigma, St. Louis). The homogenate was let under constant stirring at 4°C for 1 h before being centrifuged at 2,500g for 30 min at 4°C. The proteins of the supernatants were precipitated by addition of solid ammonium sulfate up to 70% saturation, under constant stirring at 4°C overnight. The pellet recovered upon centrifugation at 13,500g for 10 min was resuspended in 250 L of 1 m NaCl and the solubilized material was exhaustively dialyzed against 2% (v/v) glycerol. The dialyzed extract was then adjusted to 1.5 mL with 2% (v/v) glycerol and used as enzyme source for the measurement of endoPG activity by two different methods.
The colorimetric method allowed to assess endoPG activity by measuring the release of GalUA residues from polygalacturonic acid (PGA) (Sigma). The standard assay (1 mL) contained the enzyme extract (50 L), 1 mg of PGA in 50 mm Na-acetate buffer pH 5.2 (500 L), and 450 L of the same buffer. After incubation for 2 h at 30°C, 2 volumes of absolute ethanol were added to the reaction mixture to precipitate the non-digested PGA. A control, in which the enzyme extract was omitted in the reaction mixture and only added after ethanol, was simultaneously performed. After vortexing, the precipitates were centrifuged at 13,500g for 10 min and the supernatant (200 L) was analyzed for its uronic acid content at 520 nm by the Blumenkrantz-Asboe procedure (Blumenkrantz and Asboe-Hansen, 1973) . EndoPG activity was expressed as nkat per gram fresh weight.
The endoPG activity was also assessed by analytical isoelectric focusing of the above protein extract. One milliliter of dialyzed extract was transferred into an Eppendorf tube (Eppendorf Scientific, Westbury, NY), rapidly frozen in liquid nitrogen, and freeze dried. The dry powder was resuspended in a minimal volume (100 L) of a cold ampholine carrier solution (pH 3.5-10, 3% [w/v] in water, Pharmacia Biotech, Uppsala). A 15-L aliquot was applied onto the surface of an Ampholine PAGplate gel (pH 3.5-10, Pharmacia) as small droplets (1-2 L) width-wise at the cathode side. Isoelectric focusing was performed with a Multiphor apparatus coupled to an EPS 3501 XL power supply (Pharmacia). After focusing, the gel was rinsed with 50 mm Na-acetate buffer (pH 5.2) and incubated for 1 h at 30°C in the presence of PGA (0.2% [w/v] in the acetate buffer). The endoPG activity was then visualized in the gel with ruthenium red staining (0.025% [w/v] in water) according to Lisker and Retig (1974) .
PGIP Assay
Crude protein extracts were prepared from tobacco cv Samsun NN, Arabidopsis (ecotype Columbia), and French bean (Phaseolus vulgaris cv P12R) seedlings. Plants were grown under the conditions described above, and were 6, 4, and 2 weeks old, respectively. The seedlings were rapidly frozen in liquid N 2 and ground with a mortar and pestle. The powder (1 g) was suspended into 5 mL of cold extraction buffer (50 mm Na-acetate buffer [pH 5.2] and 1 m NaCl) and constantly stirred at 4°C for an hour. After centrifugation of the homogenates at 5,000g for 10 min at 4°C, the supernatants were recovered and exhaustively dialyzed against the same buffer without NaCl. Dialyzed extracts were adjusted to the same volume and assayed for PGIP activity against 0.25 nkat of the CLPG1 endoPG according to Lafitte et al. (1984) . PGIP activity was expressed as units per gram fresh weight, one unit corresponding to the amount of PGIP required for reducing CLPG1 activity by 50%.
Western-Blot Analysis
Dialyzates (100 L) were subjected to gel electrophoresis under denaturating conditions in a 10% (w/v) acrylamide gel. After migration, the proteins were electroblotted onto nitrocellulose transfer membranes by using a semidry apparatus (Bio-Rad Laboratories, Hercules, CA) at a constant current (1 mA cm 2 ). Blots were soaked for 30 min in Tris-buffered saline (TBS) buffer (20 mm Tris-HCl [pH 7.5] and 150 mm NaCl) containing 5% (w/v) nonfat dried milk powder, and then incubated overnight in TBS-T20 (TBS and 0.05% [v/v] Tween 20) containing the CLPG1 antiserum (1:10,000 [v/v] dilution). After washing in TBS-T20, the blots were incubated for 4 h in TBS-T20 containing alkaline phosphatase-conjugated goat anti-rabbit IgE (1:5,000 [v/v] dilution). After washing in TBS-T20, the antigen-antibody complex was visualized using nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate (Promega).
␤-1,3-Glucanase Assay
␤-1,3-glucanase activity was assessed by measuring the reducing sugars released from 1% (w/v) laminarin (Sigma) by incubation of 5 mg of laminarin with 25 L of the dialyzed protein extract in 50 mm acetate buffer (pH 5.2) at 50°C for 30 min, according to a previously published procedure (Daugrois et al., 1992) . The amount of reducing sugars was estimated by the Somogyi (1952) procedure. The ␤-1,3-glucanase activity was expressed as nkat per gram fresh weight.
Electron Microscopy and Immunolabeling
Small pieces of tissues were cut off from agro-infiltrated leaves and fixed in 0.5% (v/v) glutaraldehyde and 4.5% (v/v) paraformaldehyde in 50 mm Na-cacodylate buffer (pH 7.2) for 2 h at room temperature. The fixed samples were dehydrated in a graded aqueous ethanol series (20%, 40%, 60%, 75%, 80%, and 100% [v/v] , two times for 15 min each step). They were then infiltrated in LR White resin according to the following schedule: 2:1; 1:1; and 1:2 (v/v) ethanol:LR White resin for 3 h each step, followed by 100% LR White overnight, and an additional 24 h with renewed LR White. The infiltrated samples were embedded in gelatin capsules and polymerized for 24 h at 60°C. For transmission electron microscopy, ultrathin sections (80 nm in thickness) were cut with a diamond knife on an UltracutE microtome (Leica, Rueil-Malmaison, France) and collected on gold grids.
For immunolabeling experiments, sections were first incubated in a blocking solution composed of 0.5% (w/v) bovine serum albumin in TBS plus Tween 20 (TBST; 50 mm Tris-HCl [pH 7.5], 150 mm NaCl, and 0.1% [v/v] Tween 20) for 30 min. After being blotted dry, the grids were incubated overnight with the primary rabbit CLPG1 polyclonal antiserum (Hugouvieux et al., 1995) , diluted 1:100 (v/v) with TBST. The grids were then washed with TBST before being transferred into a droplet of goat anti-rabbit IgG conjugated with 10 nm of colloidal gold diluted 1:25 (v/v) in TBST for 2 h at room temperature. The sections were washed with TBST and finally with water. After immunolabeling, the sections were stained with 5% (w/v) uranyl acetate for 30 min. Control experiments were performed without primary antibody. Sections were labeled by PATAg for polysaccharide visualization (Thiéry, 1967) . They were observed on an H600 electron microscope (Hitachi, Tokyo) at 75 kV.
In Planta Detection of AOS
Generation of 0 2 Ϫ was detected in agro-infiltrated leaves using the DAB technique according to Lu and Higgins (1998) . Agro-infiltrated leaves were harvested as a function of time after infiltration and vacuum infiltrated with a solution containing 0.2% (w/v) of 3,3Ј-diaminobenzidine tetrahydrochloride, 20 mm MnCl 2 4H 2 0, and 10 mm sodium azide. The leaves were transferred onto a wet filter paper in a petri dish and left in the dark at room temperature for 1 h. The leaves were boiled in 95% (v/v) ethanol until the chlorophyll content was completely removed, and stored in 95% (v/v) ethanol. Photographs were acquired using a CCD-IRIS color video camera (Sony, Japan). 
